The role of zebrafish hedgehog genes in branchiomotor neuron development was analyzed by examining mutations that affect the expression of the hedgehog genes and by overexpressing these genes in embryos. In cyclops mutants, reduction in sonic hedgehog (shh) expression, and elimination of tiggy-winkle hedgehog (twhh) expression, correlated with reductions in branchiomotor neuron populations. Furthermore, branchiomotor neurons were restored in cyclops mutants when shh or twhh was overexpressed. These results suggest that Shh and/or Twhh play an important role in the induction of branchiomotor neurons in vivo. In sonic-you (syu) mutants, where Shh activity was reduced or eliminated due to mutations in shh, branchiomotor neurons were reduced in number in a rhombomere-specific fashion, but never eliminated. Similarly, spinal motor neurons were reduced, but not eliminated, in syu mutants. These results demonstrate that Shh is not solely responsible for inducing branchiomotor and spinal motor neurons, and suggest that Shh and Twhh may function as partially redundant signals for motor neuron induction in zebrafish.
Introduction
Generation of specific neuronal cell types in correct numbers, and at the correct location is essential for the normal development of a nervous system. Both cell lineage-based mechanisms and inductive signals have been shown to play important roles in the process of neuronal specification (reviewed in McConnell, 1995; Calof, 1995; Lewis, 1996; Tanabe and Jessell, 1996) . Inductive signals encoded by vertebrate homologs of the Drosophila hedgehog gene (Nüsslein-Volhard and Wieschaus, 1980; Lee et al., 1992) , and by the bone morphogenetic protein gene family (Liem et al., 1997) appear to act very early in development to specify ventral and dorsal cell fates, respectively, within the neural tube at all axial levels (reviewed in Tanabe and Jessell, 1996) . In vitro experiments demonstrated that the notochord and floor plate express factor(s) that can induce ventral neural tube cell types like the floor plate and motor neurons (Placzek et al., 1993; Yamada et al., 1993) . Sonic hedgehog (shh), a vertebrate hedgehog homolog, is expressed in the notochord and floor plate, and induces motor neurons in vitro, suggesting strongly that it is the proposed inducing activity (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Roelink et al., 1994) . Subsequent studies demonstrated that Shh can induce the formation of ventral neural tube cell types at all rostrocaudal levels (Ericson et al., 1995) . Consistent with these results, generation of a loss-of-function mutation in shh in mouse is embryonic lethal, and leads to the elimination of the floor plate and motor neurons in the spinal cord (Chiang et al., 1996) , and presumably of ventral neural tube cell types in more rostral locations.
Zebrafish shh is expressed in the floor plate and the notochord in a manner consistent with a role in motor neuron induction (Krauss et al., 1993) . Interestingly, the zebrafish contains a second closely related gene, tiggy-winkle hedge-hog (twhh), which is also expressed in the floor plate at all axial levels (Ekker et al., 1995) , suggesting functional redundancy between these two genes in the induction of ventral neural tube cell types. The zebrafish contains a third hedgehog homolog, echidna hedgehog (ehh), which is expressed in the notochord and appears to play a role in inducing a subset of muscle cells (Currie and Ingham, 1996) . Although the signal transduction pathway initiated by the hedgehogs has not been well characterized in zebrafish, it is evolutionarily conserved (Krauss et al., 1993) , and involves membrane-associated patched1 (Concordet et al., 1996) , and protein kinase A (Concordet et al., 1996; Hammerschmidt et al., 1996a) .
We were interested in understanding the role of shh in inducing one class of vertebrate motor neurons, the branchiomotor neurons, in the zebrafish embryo. Since the zebrafish contains three hedgehog homologs that are expressed at the midline, unlike the mouse which has only one (shh), we also wanted to clarify the roles of the different zebrafish hedgehog genes, especially shh and twhh, in inducing the branchiomotor, as well as the spinal motor neurons. The branchiomotor neurons are located in the hindbrain and innervate muscles that differentiate in the pharyngeal arches. In zebrafish, the two most anterior arches, the mandibular and the hyoid, give rise to the lower jaw and jawassociated structures, while the remaining arches give rise to the gills (Kimmel et al., 1995) . The organization of the zebrafish branchiomotor neurons and that of other vertebrates, like mouse and chick, are similar (Lumsden and Keynes, 1989; Gilland and Baker, 1993; Chandrasekhar et al., 1997) , and there are some indications that the mechanisms underlying their development may be conserved (Chandrasekhar et al., 1997) .
To address whether zebrafish branchiomotor neurons were induced by Shh, we studied their development by employing mutant analysis and gene overexpression strategies. We found previously that branchiomotor neuron development is severely affected in cyclops
embryos (Chandrasekhar et al., 1997) , where shh expression is reduced (Krauss et al., 1993) , and twhh expression is eliminated (Ekker et al., 1995) since mutant embryos lack the floor plate (Hatta et al., 1991) . We show here that there is a strong correlation between the decrease in the number of branchiomotor neurons and the reduction in shh expression in cyc − embryos. We show further that shh overexpression can restore these neuronal populations in cyc − embryos, and that these restored neurons innervate the pharyngeal arches. Similarly, twhh overexpression also restores branchiomotor neuron populations in cyc − embryos. To determine whether shh was essential for motor neuron induction we examined their development in sonic-you mutants, which are defective in shh function (van Eeden et al., 1996; Schauerte et al., 1998) . In syu mutants, including a shh deletion mutant, both branchiomotor and spinal motor neurons are greatly reduced in number, but not eliminated. These results demonstrate that shh is not solely responsible for motor neuron induction, and suggest that Shh and Twhh function as redundant midline signals in vivo for generating motor neurons in zebrafish.
Results

Number of branchiomotor neurons and shh expression are greatly reduced in cyclops − embryos
We observed previously that branchiomotor neurons were severely reduced in cyc − embryos (Chandrasekhar et al., 1997) , which are missing the floor plate (Hatta et al., 1991) . To test our hypothesis that Shh induces branchiomotor neurons, we quantified these neuronal populations in the cyc − hindbrain in order to correlate them with the altered pattern of shh expression in mutant embryos (Krauss et al., 1993) . We found that the reduction in shh expression in cyc − embryos correlated strongly with the reduction in the number of branchiomotor neurons. Embryos from heterozygous matings were fixed at 15 hpf and 24 hpf, and analyzed by in situ hybridization using a mixed probe containing digoxigenin-labelled shh and tag1 antisense RNAs (Fig. 1 1995), is expressed in branchiomotor neurons during early stages of differentiation (Chandrasekhar et al., 1997) . In 15 hpf wildtype siblings, shh was expressed in the notochord, and the overlying floor plate (Fig. 1A) , while shh was expressed only in the notochord in cyc − embryos because they lacked the floor plate ( Fig. 1B) (Hatta et al., 1991; Krauss et al., 1993) . At this stage, presumptive branchiomotor neurons did not yet express tagl. By 24 hpf, shh expression had been turned off in the anterior notochord in wildtype and cyc − embryos (Fig. 1C,D) , but was still maintained in the overlying floor plate in wildtype embryos (Fig.  1C) . In wildtype embryos, tag1-expressing cells were found in symmetrical locations in rhombomere 2 (r2), corresponding to the cranial V motor (nV) neurons, and in rhombomeres 5-7 (r5-7), corresponding to the cranial VII motor (nVII) neurons ( Fig. 1C ) (Chandrasekhar et al., 1997) . In contrast, cyc − embryos contained no tagl-expressing cells anterior to the rostral tip of the notochord, and therefore no nV neurons, and only a few randomly positioned cells in r5-7, likely corresponding to the nVII neurons (Fig. 1D) . The nV and nVII neurons were quantified in 30 hpf wildtype and cyc − embryos analysed by tagl in situ hybridization (Fig. 2) .
The nV neurons, located in r2 and r3, were eliminated in cyc − embryos; this correlated with the absence of shh expression anterior to the notochord in mutants. The nVII neurons, located in r5-7, were reduced substantially in number in cyc − embryos, but not eliminated; this correlated with reduced shh expression in the posterior hindbrain due to the absence of one of the two tissues expressing shh, namely the floor plate, in cyc − embryos. Thus, the number of branchiomotor neurons correlated strongly with shh expression in the hindbrain. These results suggest that Shh induces branchiomotor neurons, and that transient expression of shh in the notochord may induce the few nVII neurons that arise in cyc − embryos.
Shh overexpression restores branchiomotor neurons in the cyclops − hindbrain
In order to demonstrate a causal link between shh expression and branchiomotor neuron induction in cyc − embryos, we expressed shh ectopically in mutant embryos by shh RNA injection, and assayed branchiomotor neuron induction by tag1 in situ hybridization and islet immunohistochemistry. We have shown previously that the branchiomotor neurons are the only cells in the hindbrain that express tag1 or isl1 (Warren et al., 1995; Chandrasekhar et al., 1997) . As predicted, the number of branchiomotor neurons was greatly increased in shh-overexpressing cyc − embryos, and interestingly, also in sibling wildtype embryos.
One to four cell stage embryos from heterozygous matings were injected with synthetic full-length bgal or shh RNA, fixed at 30 hpf, and analyzed by tag1 in situ hybridization to identify presumptive nV and nVII neurons (Fig. 3) . Injection of bgal RNA had no effect on the number of Fig. 2 . Differential effects of the cyclops mutation on branchiomotor neuron development. The populations of branchiomotor neurons in the hindbrain were quantified in 30 hpf embryos analyzed by tag1 in situ hybridization. Tag1-expressing cells in r2 and r3 were defined as nV neurons, and those in r5-7 were defined as nVII neurons (Chandrasekhar et al., 1997) . The rectangles denote the means and the short vertical lines denote the standard deviations. The probabilities derived from the onetailed Student's t-test are indicated at the bottom. branchiomotor neurons in wildtype or mutant embryos (Fig.  3A,B) . In contrast. shh-injected wildtype and cyc − embryos exhibited dramatic increases in the number of tag1-expressing hindbrain cells (Fig. 3C,D) . In shh-injected cyc − embryos, there was a large number of tag1-expressing cells in r2 and r3 likely corresponding to presumptive nV neurons (Fig. 3D) , whereas there were no tag1-expressing cells at similar locations in uninjected (data not shown) or bgal-injected mutant embryos (Fig. 3B) . Similar results were obtained when injected embryos were analyzed by islet antibody immunohistochemistry to identify branchiomotor neurons expressing islet1 (isl1; Inoue et al., 1994; Appel et al., 1995; Chandrasekhar et al., 1997 4) . Shh overexpression generated significantly larger numbers of nV neurons in wildtype embryos, and nV and nVII neurons in cyc − embryos, compared to bgal-injected controls ( Fig. 4A,B) . Following shh overexpression, there were large variations in the numbers of ectopic branchiomotor neurons induced in different rhombomeres and between embryos, presumably due to variations in the levels of ectopic Shh activity. The apparently insignificant increase in nVII neuron number following shh overexpression in wildtype embryos (Fig. 4B ) is likely due to variations in ectopic Shh activity, and not due to a lack of responsiveness to Shh, since isl1-expressing cells were found ectopically in r4 in all shh-overexpressing wildtype embryos (data not shown; see Fig. 6C ). These results suggest strongly that Shh induces branchiomotor neurons in vivo.
Since the floor plate in zebrafish is the source of two hedgehog activities, Shh and Twhh, and since twhh expression is also eliminated in cyc − embryos (Ekker et al., 1995) , we wondered whether twhh normally played a role in vivo in branchiomotor neuron induction. When twhh was overexpressed in wildtype and cyc − embryos, the increases in the numbers of branchiomotor neurons, and their location, were qualitatively similar to those observed for shh overexpression (data not shown). These results suggest that Shh and Twhh may activate a common pathway to induce branchiomotor neurons, and that these hedgehog activities may be functionally redundant in vivo.
Branchiomotor neurons generated de novo following shh overexpression innervate the pharyngeal arches
Although shh overexpression generated excess branchiomotor neurons as assayed by tag1 and isl1 expression, both at normal and ectopic locations, we wanted to know whether these neurons extended axons into their targets, the pharyngeal arches. We further wanted to determine whether the arches innervated by ectopic neurons were commensurate with their rhombomeric locations, i.e. did the ectopic neurons acquire the correct cell fates. To address these questions, we determined the locations of the cell bodies or axons of arch-innervating neurons using axon-labelling methods.
We analyzed bgal-and shh-injected embryos by wholemount immunolabelling with an antibody against acetylated tubulin to reveal arch innervation patterns (Fig. 5A,B ) (Chandrasekhar et al., 1997) . In a bgal-injected wildtype embryo, the axons innervating the mandibular arch extended as a thin fascicle closely apposed to the posterior margin of the eye (Fig. 5A ). In contrast, the mandibular arch-innervating axons in shh-injected wildtype embryos appeared to form a thicker fascicle ( Fig. 5B ; 5/5 embryos), consistent with an increase in nV axons. Similarly, while the hyoid arch-innervating axons normally formed a thin fascicle that exited the hindbrain from r4 just rostral to the otocyst ( Fig. 5A ), the corresponding axons in shh-injected embryos exited the hindbrain from r4, but formed a thicker fascicle ( Fig. 5B ; 5/5 embryos).
To demonstrate definitively that a large number of hindbrain neurons extended axons into the mandibular arch in shh-injected wildtype and cyc − embryos, the lipophilic dye DiI was applied in r2 at locations expected to contain excess branchiomotor neurons (Fig. 3C,D) . DiI application in r2 in bgal-injected 48 hpf embryos revealed a characteristic thin fascicle extending into the mandibular arch in 2/4 wildtype embryos (Fig. 5C ), and no arch-innervating axons in 4/4 cyc − embryos (Fig. 5E ). In contrast, DiI application in r2 revealed a thick axon fascicle extending into the mandibular arch in shh-injected wildtype embryos ( Fig. 5D ; 3/3 embryos), comparable to the fascicle seen in tubulin antibody labelled embryos (Fig. 5B ). More importantly, DiI application in r2 in shh-injected cyc − embryos revealed a large number of axons extending into the mandibular arch ( Fig. 5F ; 2/3 embryos), indicating that the presumptive branchiomotor neurons generated de novo in r2 in mutant embryos could indeed extend axons into the appropriate target tissue. In both wildtype and cyc − embryos overexpressing shh, the DiI-labelled nV axons were relatively short Fig. 5 . Branchiomotor neurons generated de novo in shh-overexpressing embryos extend axons into the pharyngeal arches. All panels depict lateral views, with rostral to the left and dorsal up, of the pharyngeal arch region of 48 hpf whole-mount embryos labelled either with an anti-tubulin antibody (A,B) or with DiI followed by photo-oxidation (C-F). The two white squares in each panel mark the locations of the endodermal epithelia between the mandibular and hyoid arches, and between the hyoid and the first gill arches (Kimmel et al., 1995) . Arrowheads in (D) and (F) mark photo-oxidized hindbrain central axons that were labelled with DiI due to the location of the injection site (asterisk). Arrowheads in (C) denote blood cells that were labelled artifactually during the photo-oxidation process. (A) In a bgal-injected wildtype embryo, the axons extended by the nV (arrow) and the nVII (arrowhead) neurons are thin and extend into the mandibular and hyoid arches, respectively. (B) In a shh-injected wildtype embryo, the nV (arrow) and nVII (arrowhead) axons appear thicker than in the control embryo, and extend normally into the mandibular and hyoid arches, respectively. In a bgal-injected wildtype embryo, the nVII neuron cell bodies (black arrowheads) are located ipsilaterally in r6, and the efferent axon fascicle (arrow) displays a characteristic morphology described previously (Chandrasekhar et al., 1997) .
(B) In a bgal-injected cyc − embryo, the few nVII cell bodies (arrowheads) are located in r5 and r6, sometimes contralaterally. In addition, the axons (arrow) are defasciculated. (C) In a shh-injected wildtype embryo, a large number of nVII neurons are located in r4 (arrowheads). The large increase in the number of backfilled neurons is also evident from the thickness of the efferent axon fascicle (arrow) exiting the hindbrain in r4. In addition to the ectopic neurons in r4, the nVII neurons are also present at their normal location in r6 (asterisk, out-of-focus), and their axons exhibit the characteristic morphology seen in (A). (D) In a shh-injected cyc − embryo, there is a large increase in the number of backfilled neurons (arrowheads), most of which are located in r4 in this embryo. Again, the efferent axon fascicle is very thick (arrow), indicative of the large number of nVII neurons. oto, otocyst. Scale bar, 20 mm.
since they did not extend as far into the arch as the nV axons in control wildtype embryos (compare Fig. 5D ,F with Fig.  5C ). This suggests that axon guidance cues may not be expressed normally in the mandibular arch following shh overexpression.
To determine whether a particular pharyngeal arch was invaded by axons of neurons located in the appropriate rhombomeres, we applied DiI in the hyoid arch to retrogradely label nVII neurons in the hindbrain. DiI application in the hyoid arch in bgal-injected wildtype embryos retrogradely labelled characteristically shaped axons and branchiomotor cell bodies in r6 ( Fig. 6A ; 18/21 embryos) (Chandrasekhar et al., 1997) . Furthermore, no labelled neurons were ever found in r4 (18/18 embryos). In shh-injected wildtype embryos, retrogradely labelled neurons could be found in large numbers at their normal location in r6 ( Fig.  6C ; 29/57 embryos). In addition, most of these embryos (23/ 29) also contained a large number of labelled neurons in ectopic locations such as r4 (Fig. 6C ), and these ectopic neurons were most likely the ectopic tagl-and isl1-expressing cells described earlier (Fig. 3C ). DiI application in the hyoid arch in bgal-injected cyc − embryos retrogradely labelled a small number of randomly positioned neurons, with defasciculated axons, spanning r5-7 ( Fig. 6B ; 3/4 embryos), as described previously in uninjected cyc − embryos (Chandrasekhar et al., 1997) . In contrast, DiI application in the hyoid arch in shh-injected cyc − embryos retrogradely labelled large numbers of neurons ( Fig. 6D ; 4/15 embryos), which were frequently found in r4 (3/4 embryos). These observations show that ectopic neurons located in r4 in shh-overexpressing wildtype and cyc − embryos can extend axons that exit the hindbrain in r4, in a similar fashion to nVII neurons located in r6, and suggest that these ectopic neurons may be specified as nVII neurons (see Section 3). Our retrograde labelling data suggest further that, in shhoverexpressing embryos, outgrowth of nVII axons may be perturbed after they exit the hindbrain. Retrograde labelling of nVII neurons was frequently unsuccessful in shh-injected embryos (wildtype: 28/57, 49% failure; cyc − 11/15, 73% failure). By comparison, nVII neurons could be successfully labelled in bgal-injected embryos at high rates (wildtype: 18/21, 86% success; cyc − : 3/4, 75% success). These high failure rates suggest that the nVII axons in shh-injected embryos may not extend as far into the hyoid arch as nVII axons in control embryos, and is consistent with the morphology of nV axons in shh-injected embryos (Fig. 5D,F) .
Some dorsal neural tube cell populations are reduced in shh-overexpressing embryos
Since branchiomotor neurons were greatly increased in number in shh-overexpressing embryos, we wanted to know if this effect was specific for ventral neural tube cell populations. Therefore, we examined a variety of other neurons in control and shh-injected wildtype and cyc − embryos. Four dorsal neural tube cell types, the hindbrain commissural, the cerebellar, the epiphyseal, and the nucleus of the posterior commissure (nucPC), were substantially reduced or eliminated in shh-injected embryos. Control and shh-injected embryos were analyzed by zn5 antibody immunohistochemistry to examine the hindbrain commissural neurons (Trevarrow et al., 1990) . These neurons were normally located dorsally in large clusters at rhombomere boundaries (Fig. 7A) . In shh-injected embryos, these neurons were greatly reduced, or missing, in both wildtype ( Fig. 7B ; 18/18 embryos) and cyc − mutants (data not shown; 8/8 embryos). Similarly, the zn5-labelled cerebellar neurons, another dorsal neural cell type, were also greatly reduced or eliminated following shh overexpression (Fig. 7B) . Whole-mount immunolabelling with the islet antibody was used to quantify various motor (branchiomotor, spinal motor), sensory (trigeminal, Rohon-Beard, epiphyseal), and interneuron (nucPC) populations in bgal-and shhinjected wildtype and cyc − embryos (Table 1) . As described earlier (Figs. 3 and 4), there was a dramatic increase in branchiomotor populations in shh-injected embryos compared to controls. In contrast, two dorsal neural tube populations, the epiphyseal (forebrain) and nucPC (midbrain) neurons, were greatly reduced following shh overexpression in wildtype and cyc − embryos (Table 1) . Trigeminal sensory Fig. 7 . Shh overexpression leads to a large decrease in some dorsally located neuronal populations. All panels depict dorsal views, with rostral to the left, of the hindbrain of whole-mount embryos analyzed either by zn5 immunohistochemistry at 33 hpf (A,B) or by 3A10 immunohistochemistry at 39 hpf (C,D). Double arrows mark the midline. (A) In a bgalinjected wildtype embryo, the labelled structures include the cerebellar neurons (arrowheads), and the hindbrain commissural neurons at the rhombomere boundaries (arrows) (Trevarrow et al., 1990) . (B) In a shh-injected wildtype embryo, the cerebellar and hindbrain commissural neurons are greatly reduced or eliminated. A few labelled cells (arrows) are occasionally found very dorsally. (C) In a bgal-injected embryo, the 3A10 antibody labels the Mauthner cells (arrowheads), located bilaterally in r4, and their axons, which cross the midline and extend caudally into the spinal cord (Hatta et al., 1991 neurons, which develop outside the neural tube, were essentially unaffected by shh overexpression. Although these results suggest that the dorsoventral position of precursor cells within the neural tube affected cell fates following shh overexpression, it is possible that the time of differentiation, rather than the dorsoventral position, of the neural cell types examined played a role in their differential response to shh overexpression. Since the hindbrain commissural and cerebellar neurons differentiate much later than the branchiomotor neurons (Trevarrow et al., 1990; Chandrasekhar et al., 1997) , we wondered whether shh overexpression would generate excess Mauthner cells, which are some of the earliest differentiating neurons in the zebrafish brain (Mendelson, 1986) . Wholemount immunolabelling with the 3A10 antibody revealed that the Mauthner cells, which were normally located bilaterally in r4 (Fig. 7C) (Hatta, 1992) were unchanged in location and number following shh overexpression ( Fig. 7D ; 4/4 wildtype embryos; 2/2 cyc − embryos). These results demonstrate that the shh overexpression-mediated increase in neurons is restricted to the ventrally located branchiomotor neurons, and suggest that Shh may induce these motor neurons at the expense of some dorsal neural tube cell types.
Branchiomotor nuclei exhibit rhombomere-specific deficits in the shh mutant, sonic-you
The branchiomotor phenotypes of cyc − embryos, and of shh-overexpressing embryos suggest strongly that Shh induces branchiomotor neurons. However, since zebrafish express three hedgehog-related genes, shh, twhh, and ehh, at the midline (Krauss et al., 1993; Ekker et al., 1995; Currie and Ingham, 1996) , it was unclear whether shh was necessary for inducing motor neurons in zebrafish. To address this question, we examined the branchiomotor phenotypes of sonic-you (syu) mutants (van Eeden et al., 1996) , homozygous for syu tq52 , which represents a regulatory mutation in shh, or syu tbx392 , which represents a splice-site mutation in shh, or syu t4 , which deletes shh ) (see Section 4). We found that the branchiomotor nuclei were affected in a rhombomere-specific fashion in these mutants.
Immunolabelling of 36 hpf wildtype embryos with the islet antibody revealed branchiomotor nuclei at their characteristic locations in r2 and r3 (nV), r4-7 (nVII), and the caudal hindbrain (nX) (Fig. 8A) (Chandrasekhar et al., 1997) . The nV neurons in r3 were the most sensitive of all the branchiomotor nuclei to shh mutations. This group of neurons was nearly or completely eliminated in syu tqS2 , syu tbx392 and syu t4 homozygotes ( Fig. 8B,C ; Table 2 ). The number of nV neurons in r2 was reduced to 70% in syu tq52 homozygotes, and to roughly 30% in both syu tbX392 and syu t4 homozygotes ( Table 2 ). The nVII neurons spanning r4-7 were reduced to roughly 55% in both syu tq52 and syu tbX392 homozygotes, and to about 30% in syu t4 homozygotes. Interestingly, a subpopulation of nVII neurons in r7 appeared to be unaffected even in syu t4 homozygotes, even though nVII neurons in r6 were greatly reduced or eliminated (Fig. 8C) . The nX neurons in the caudal hindbrain were unaffected in syu tq52 homozygotes (data not shown), reduced slightly in syu tbX392 homozygotes (Fig. 8B) , and completely eliminated in syu t4 homozygotes (Fig. 8C) . Whole-mount tag1 in situ hybridization of 30 hpf embryos revealed neuronal phenotypes that mirrored the islet immunolabelling data. In wildtype siblings, the nV neurons in r3, and the nVII neurons in r6 and r7 expressed tag1 (Fig. 8D) (Chandrasekhar et al., 1997) . In both syu tbX392 and syu t4 homozygotes, tag1 -expressing cells in r3 were missing, and the nVII neurons were severely reduced in number but not eliminated (Fig. 8E,F) . The reduction in tagl-expressing nVII neurons in syu t4 homozygotes resulted primarily from the near elimination of nVII neurons in r6, with little effect on nVII neurons in r7.
To rule out the possibility that the rhombomere-specific deficits in branchiomotor neurons were due to alteration of rhombomere identities, we analyzed the expression of krox20 (Oxtoby and Jowett, 1993) and rtk1 (EphA4; in syu tq52 and syu t4 homozygotes by whole mount in situ hybridization. Krox20 was expressed normally in r3 and r5 in both syu mutants at 17 hpf, and rtk1 was expressed normally in rl, r3, and r5 in both syu mutants at 28 hpf (data not shown), demonstrating that the syu mutations do not alter rhombomere formation or identity.
These observations show that branchiomotor neurons located in different rhombomeres are affected non-uniformly by shh mutations. The branchiomotor neuron deficits increase in severity from a regulatory mutation that reduces shh expression to a deletion mutation that completely eliminates Shh activity. Interestingly, the nV neurons in r3 are Wildtype (n = 7) 2.9 ± 0.7 1.6 ± 0.2 2.4 ± 0.4 0.9 ± 0.1 1.1 ± 0.2 0.2 ± 0.1 0.3 ± 0.3 cyclops − (n = 6) ∞ 5.3 ± 5.6 2.7 ± 0.6 0.9 ± 0.2 1.2 ± 0.1 0.3 ± 0.3 0.3 ± 0.2 a Embryos were analyzed by islet immunohistochemistry. b Labelled cells in rhombomeres 2 and 3 were scored as nV neurons, and those in rhombomeres 4-7 were scored as nVII neurons. c Labelled cells were counted on one side in the ventral spinal cord in three contiguous segments at the level of the tip of the yolk tube.
mostly absent even in the weakest allele, while some nVII neurons in r7 are still present in the strongest allele. Our results demonstrate that shh is required to generate normal numbers of branchiomotor neurons during development, and suggest that branchiomotor neuron precursors in different rhombomeres either may respond to different levels of hedgehog activity, or may specifically require Twhh or Ehh for induction.
The role of shh in generating spinal motor neurons
The above results have demonstrated that shh plays a role in generating branchiomotor neurons in the hindbrain. Analyses of gene expression and motor neuron specification in cyc, floating head (flh), and cyc; flh double mutants suggest that shh may be required for both primary and secondary motor neuron induction in the spinal cord (Beattie et al., 1997) . To determine the role of shh in generating spinal motor neurons, we examined their development in shhoverexpressing embryos as well as in syu mutants.
Embryos overexpressing bgal or shh were analyzed by whole-mount immunohistochemistry with the islet or tubulin antibodies, and by tag1 in situ hybridization. Since the islet antibody recognizes the proteins encoded by both isl1 and isl2, the islet labelled cells in the ventral spinal cord of control embryos represent mostly primary and secondary motor neurons (Fig. 9A) (Inoue et al., 1994; Appel et al., Fig. 8 . Branchiomotor neurons are affected in a rhombomere-specific fashion in sonic-you mutants. All panels depict dorsal views, with rostral to the left, of the hindbrain of whole-mount embryos analyzed either by islet immunohistochemistry at 36 hpf (A-C) or by tag1 in situ hybridization at 30 hpf (D-F). The asterisk in all panels marks the location of r3. The darkly staining cluster of cells just caudal to the eye in A-C is the trigeminal ganglion. The prominent patches of labelling located laterally in D-F, rostral and caudal to the otocyst (o), represent tag1 expression in cranial sensory ganglia. In all panels, isletlabelled or tag1-expressing cells in r2 and r3, and in r4-7, correspond to nV neurons, and nVII neurons, respectively. Double arrows (A,D) mark the midline. (A) In a wildtype embryo, the nV neurons are located in r2 (black arrowhead) and r3. The nVII neurons span r4-7 (white arrowheads), and the nX neurons (arrow) are located in the caudal hindbrain. (B) In a syu tbx392 homozygote, the nV neurons in r2 (black arrowhead) appear normal, while those in r3 are absent. The nVII neurons spanning r4-7 are reduced in number (white arrowheads). The nX neurons (arrow) are also slightly decreased in number. (C) In a syu t4 homozygote, the nV neurons in r2 (black arrowhead) are reduced in number, and those in r3 are absent. The nVII neurons span r6 and r7 (white arrowheads) and are greatly reduced in number. The nX neurons are absent. One group of nVII neurons in r7 appears to be unaffected in all syu mutants. (D) In a wildtype embryo, nV neurons in r3, and nVII neurons in r6 and r7 (arrowheads) are evident. (E) In a syu tbx392 homozygote, the nV neurons in r3 are missing, and there is a slight reduction in the number of nVII neurons (arrowheads). (F) In a syu t4 homozygote, the nV neurons in r3, and the nVII neurons in r6 are absent. However, a significant number of nVII neurons in r7 are still present (arrowhead). ac, acoustic ganglion; al, anterior lateral line ganglion (aLLG); o, otocyst; pl, posterior LLG; t, trigeminal ganglion. Scale bar, 40 mm. 15.3 ± 1.7 0 60.3 ± 4.9 10.9 ± 1.5 Ratio 0.31 0 0.32 0.36 a n = 3 embryos for each phenotype, except WT (tbx392), where n = 2. b The significantly lower number of nV neurons in r2 in WT(tq52) embryos compared to WT(t4) and WT(tbx392) embryos is probably due to the slight age differences, since new isl1-expressing cells are added continuously during development. c The number of islet-labelled nVII neurons in~36 hpf wildtype (Tübingen) embryos in this experiment (~185 cells/embryo) was much higher than that in bgal RNA-injected~36 hpf wildtype (Oregon AB) embryos plotted in Fig. 4 (~115 cells/embryo). We ascribe this discrepancy to potential differences in the wildtype strains, and/or slight differences in ages, in these two independent experiments. d Labelled cells were counted on one side in the ventral spinal cord in three contiguous segments at the level of the tip of the yolk tube. The number shown corresponds to the number of cells per hemisegment.
1995). Following shh overexpression, there was a large increase in the number of islet-labelled cells, and these ectopic cells occupied more dorsal positions within the spinal cord ( Fig. 9B ; Table 1 ). However, following shh overexpression, there was no change in the number of the most dorsal spinal neurons, the Rohon-Beard sensory neurons, which were large and labelled strongly with the islet antibody ( Fig. 9B ; Table 1 ). The number of tag1-expressing cells, which are mostly primary and secondary motor neurons (Warren et al., 1995) , also increased dramatically following shh overexpression (Fig. 9C,D) . Consistent with a large increase in the number of spinal motor neurons, tubulin labelling frequently revealed putative motor axons exiting at ectopic locations from the spinal cord in shhoverexpressing embryos (Fig. 9E,F) . To test whether shh was required for spinal motor neuron induction, we examined their development in syu mutants. Islet immunolabelling revealed that the number of spinal motor neurons was greatly reduced in syu t4 homozygotes, consistent with a role for shh in their induction ( Fig. 10A,B ; Table 2 ) . However, because both motor neuron markers employed so far, islet and tag1, also label a few interneurons in the spinal cord, although not in the hindbrain (Inoue et al., 1994; Warren et al., 1995) , we used the zn5 antibody to define the role of shh in inducing motor neurons. The zn5 antibody, which recognizes the protein encoded by DM-Grasp, labels a number of neuronal populations in the embryo, but only the secondary motor neurons in the ventral spinal cord (Kanki et al., 1994; Fashena, 1996; Beattie et al., 1997) . When syu mutant embryos were analyzed by zn5 immunohistochemistry, we were surprised to find that secondary motor neurons were still present in all syu mutant backgrounds.
Zn5 immunostaining revealed a continuous band of labelled cells in the ventral spinal cord of wildtype embryos, which represents the secondary motor neurons (Fig. 10C ) (Beattie et al., 1997) . In contrast, in syu t4 homozygotes (8/8 embryos), there was a severe reduction, but not an elimination, of these zn5-labelled cells (Fig. 10D) . Similarly, in (Kanki et al., 1994; Fashena, 1996; Beattie et al., 1997 syu tbx392 homozygotes (6/6 embryos), the number of secondary motor neurons was greatly reduced, although not to the same extent as in syu t4 homozygotes (Fig. 10E ). As expected, shh overexpression increased the number of secondary motor neurons (Fig. 10F ). These results demonstrate that shh is sufficient, but not necessary, for the generation of all secondary motor neurons in the zebrafish spinal cord. Since twhh is expressed normally by the floor plate in syu mutants (Lauderdale et al., 1998) , our results further suggest that twhh may play a role in the induction of secondary motor neurons in the zebrafish.
Discussion
Shh expression and branchiomotor neuron development
We have shown that there is a strong correlation between shh expression and branchiomotor neuron development. In cyc mutants, deletion of the floor plate, and therefore the source of Shh and Twhh in the neural tube, correlates with the absence of branchiomotor neurons in r2 and r3, where there is no hedgehog activity from any other tissue. More posteriorly, branchiomotor neurons in r5-7 are greatly reduced in cyc − embryos, which correlates with the transient expression of shh in the notochord of cyc mutants. Elimination of Shh activity by mutations in shh in sonicyou mutants also leads to large deficits in branchiomotor neuron populations. However, the effects are more specific than those observed in cyc mutants. The syu t4 deletion eliminates the nV neurons in r3, and nearly all nVII neurons in r6. In contrast, the cyc mutations eliminate all nV neurons in r2 and r3, and severely reduce nVII neuron number in r5-7. Although shh expression is eliminated or greatly reduced in both syu − and cyc − embryos, the different branchiomotor phenotypes of these mutants can be explained by considering the expression of twhh. Since cyc − deletes the floor plate (Hatta et al., 1991) , there is no twhh expression in the cyc − hindbrain (Ekker et al., 1995) . In contrast, twhh is expressed normally in all syu mutant backgrounds (Lauderdale et al., 1998) . Taken together, these results suggest that both Shh and Twhh are important for generating branchiomotor neurons. It is possible that the two activities act on different subsets of precursor cells, or act in concert to raise the total concentration of diffusible hedgehog signal. The third zebrafish hedgehog homolog, ehh, is expressed in the notochord (Currie and Ingham, 1996) , and is unlikely to play a specific role in branchiomotor neuron induction for two reasons. First, the nVII neurons in r5-7 are severely reduced in cyc − embryos, in spite of normal ehh expression in the underlying notochord in cyc mutants (Beattie et al., 1997) . Second, branchiomotor neuron development is essentially unaffected in floating head (flh) and no tail (ntl) mutant embryos (A.C. and J.Y.K., unpublished data), even though the notochord, and consequently ehh expression, is absent in both mutants (Currie and Ingham, 1996; Beattie et al., 1997) . Thus, there is no correlation between ehh expression, or lack thereof, and branchiomotor neuron development in three mutant backgrounds, suggesting that ehh does not normally play a specific role in branchiomotor neuron induction. However, we cannot completely rule out that Ehh may contribute to the total hedgehog activity at the ventral midline of the neural tube because netrin 1a, a ventral neural tube expressed gene (Lauderdale et al., 1997) , is ectopically expressed in similar patterns following shh, twhh, or ehh overexpression (Lauderdale et al., 1998) . Our observations suggest that neural precursors in different rostrocaudal locations may respond differently to the hedgehog signal. The nV neurons in r3 are nearly eliminated in syu tq52 mutants where shh expression is reduced five-fold . In contrast, the nX neurons in the syu tq52 hindbrain are unaffected, and the nV neurons in r2, and nVII neurons are only reduced moderately to between 50-70% of their wildtype numbers. This suggests that either the nV neurons in r3 specifically require Shh for induction, or they may be induced only in response to very high levels of total hedgehog activity (Shh + Twhh), such that even a small reduction in this net activity is sufficient to block their formation. On the other hand, a subset of nVII neurons may specifically require Twhh for induction, or may be induced by very low levels of total hedgehog activity, since some nVII neurons are still present in syu t4 mutants. Other experiments also suggest that cells within the neural tube may respond differently to Shh depending on their rostrocaudal location. For instance, shh overexpression leads to ectopic expression of nk2.2 and zp50 only in the fore-and midbrains, and not in the hindbrain Hauptmann and Gerster, 1996) , and to ectopic expression of axial only in the brain, and not in the spinal cord (Krauss et al., 1993; Barth and Wilson, 1995; Hammerschmidt et al., 1996a) .
The rhombomere-specific deficits in the branchiomotor nuclei in syu mutants may reflect the varying distances of these nuclei from the ventral midline of the neural tube at 36-48 hpf (Chandrasekhar et al., 1997) , rather than being brought about by the alternative mechanisms proposed thus far. However, a distance-based mechanism appears unlikely for two reasons. First, since the nX neurons in the caudal hindbrain are the most dorsal, and therefore the farthest branchiomotor neurons from the ventral midline, a distance-based model predicts that these neurons would be the most sensitive to any reduction in total hedgehog activity. However, the nX neurons are largely unaffected in cyc − , syu tq52 and syu tbx392 homozygotes ( Fig. 8B ; data not shown), even though shh expression is reduced to varying degrees in these mutants. Second, although the branchiomotor nuclei are located at varying distances from the midline at 36-48 hpf, it is likely that these neurons are all induced very close to the ventral midline, and subsequently migrate dorsolaterally to their final positions, as has been demonstrated for chick nV neurons (Moody and Heaton, 1983) .
The reduction in Hh activity in syu mutants may be expected to have less severe effects on hindbrain somatic motor neurons such as the abducens (nVI) and hypoglossal (nXII) because their precursors lie more dorsally (Ericson et al., 1997; Osumi et al., 1997) , and are induced at a lower Shh concentration (Ericson et al., 1997) , than branchiomotor neuron precursors in mouse. However, the abducens motor neurons are also eliminated in syu t4 mutant embryos (data not shown), suggesting that somatic and branchiomotor neurons may be induced by similar concentrations of Hh in zebrafish.
Shh overexpression and branchiomotor neuron development
Overexpression of shh in cyc − embryos restores branchiomotor neurons in mutants, suggesting that Shh induces these neurons. Interestingly, shh overexpression generates a large number of ectopic neurons in both wildtype and cyc − embryos. Other studies have demonstrated that shh overexpression in the zebrafish embryo leads to the ectopic upregulation of ventral neural tube-expressed genes such as nk2. 2, axial, F-spondin, zp50, patched 1, netrin 1a , and netrin 1b in the brain, although the identity of the expressing cells was not known (Krauss et al., 1993; Barth and Wilson, 1995; Ekker et al., 1995; Concordet et al., 1996; Hammerschmidt et al., 1996a; Hauptmann and Gerster, 1996; Ungar and Moon, 1996; Strähle et al., 1997; Lauderdale et al., 1998) . Since shh overexpression in the brain leads to the generation of ectopic cells expressing floor plate markers like axial, F-spondin, and netrin 1b (Krauss et al., 1993; Ekker et al., 1995; Hammerschmidt et al., 1996a; Ungar and Moon, 1996; Strähle et al., 1997) , we cannot rule out that the excess branchiomotor neurons generated in wildtype and cyc − embryos is an indirect effect of shh overexpression, due to the induction of ectopic floor plate-like cells. Our data show that the cyc − mutations do not eliminate the branchiomotor neuron precursors along with the floor plate, since upon shh overexpression, putative precursor cells in mutant embryos respond normally to the inducing signal to form motor neurons. Therefore, we conclude that branchiomotor neurons are severely reduced in cyc − embryos because the hedgehog inducing activity is either missing or minimal, and not because the precursor cells are eliminated or are unable to respond to the inducer. Furthermore, even though branchiomotor neurons are generated de novo in shhoverexpressing cyc − embryos, we do not believe this represents a bona fide rescue of the mutant phenotype for two reasons. First, while the changes in the sizes of various neuronal populations are similar in wildtype and cyc − embryos following shh overexpression (Table 1) , the spatial pattern of the restored branchiomotor nuclei in cyc − embryos is irregular (Fig. 3D) . Second, the missing floor plate cells are not restored in the spinal cord of shh-overexpressing cyc mutant embryos (Ungar and Moon, 1996) .
We have shown further that branchiomotor neurons induced by shh overexpression extend axons into the pharyngeal arches. This result is an important extension of earlier explant studies, which demonstrated an induction of cells expressing motor neuronal markers in neural tube cultures following exposure to Shh (Roelink et al., 1994; Ericson et al., 1995) . Our data suggest that the excess motor neurons induced in r2, r3, and r5-7, following shh overexpression, adopt cell fates that are appropriate for their rhombomeric locations. The results also demonstrate that branchiomotor neurons induced in ectopic locations such as r4 can innervate the hyoid arch, their appropriate target (see Section 3.3), suggesting that shh misexpression may not result in misexpression, within the hindbrain, of putative guidance cues for the branchiomotor and other hindbrain neurons. Consistent with this idea, no defects were observed in the axonal trajectories of reticulospinal neurons in shhoverexpressing embryos ( Fig. 7D ; Strähle et al., 1997) , and of hindbrain commissural neurons in syu t4 and syu tbx392 homozygotes (A.C. and J.Y.K., unpublished data).
Ectopic branchiomotor neurons and neuronal patterning
Shh overexpression induces ectopic branchiomotor neurons in all hindbrain rhombomeres from r2 to r7. Interestingly, ectopic branchiomotor neurons in r4 extend axons into the hyoid arch. Since r4 normally contains no branchiomotor neurons, is the hyoid arch the appropriate target for these ectopic neurons? We think so for three reasons. First, we have shown previously that the expression patterns of isl1 and tag1, as well as the branchiomotor neuron phenotype of valentino mutants, are consistent with the hypothesis that the zebrafish nVII neurons are generated in r4, and subsequently migrate into r6 and r7 (Chandrasekhar et al., 1997) . Second, nVII neurons in mouse and chick are normally located in r4 and r5 (Lumsden and Keynes, 1989) . Finally, all nVII neurons in a zebrafish mutant, trilobite (Solnica-Krezel et al., 1996; Hammerschmidt et al., 1996b) , are located in r4, suggesting a failure to migrate caudally (A.C. and J.Y.K., unpublished data). Therefore, we propose that an excessive number of presumptive nVII neurons are generated in r4 following shh overexpression, and that many of these neurons may fail to migrate into r6 and r7. Despite the failure to migrate caudally, these neurons may have adopted nVII neuronal fates, and therefore may still be able to respond to regional cues to innervate their normal target, the hyoid arch.
We have shown that there is a severe reduction in hindbrain commissural neuron populations at rhombomere boundaries following shh overexpression, concommitant with an increase in branchiomotor neurons. We have shown further that both the epiphyseal (forebrain) and nucPC (midbrain) neurons are reduced in number following shh overexpression (Table 1) , probably due to increases in the numbers of ventral forebrain and midbrain neurons MacDonald et al., 1995; Ekker et al., 1995; Concordet et al., 1996; Hauptmann and Gerster, 1996; Hammerschmidt et al., 1996a; Ungar and Moon, 1996) . At least two mechanisms could account for these concommitant changes in dorsal and ventral neuronal populations following shh overexpression. First, both populations may arise from a common precursor pool. Induction of ectopic ventral neurons by shh overexpression may then deplete the pool of dorsal precursors. Alternatively, the two neuronal populations may arise from separate precursor pools; following shh overexpression, the dorsal precursors may be inhibited from differentiating into neurons. We currently favour the latter mechanism because in cyc − , syu t4 and syu tbx392 homozygotes, the severe loss of branchiomotor neurons and probably also ventral neurons in the fore-and midbrains is not accompanied by increases in the numbers of dorsal cells like the hindbrain commissural, cerebellar, epiphyseal and nucPC neurons (A.C. and J.Y.K., unpublished data), suggesting that changes in the dorsal and ventral neural tube populations occur independently of each other.
Shh and induction of spinal motor neurons
Vertebrates like mouse and chick appear to possess a single hedgehog homolog, shh, that is expressed at the midline. Shh is required for spinal motor neuron induction since these neurons are missing in shh knockout mice (Chiang et al., 1996) . Unlike the other vertebrates, zebrafish express three genes (shh, twhh, ehh) at the midline (Krauss et al., 1993; Ekker et al., 1995; Currie and Ingham, 1996) . Thus, it was not clear to what extent shh was responsible for spinal motor neuron induction in zebrafish. Beattie et al. (1997) addressed this issue by examining cyc; flh double mutants, which never express twhh or ehh, and only transiently express shh very early. They found that primary motor neurons were induced in the rostral spinal cord, and secondary motor neurons were completely missing in the double mutant. Since primary motor neurons in the rostral spinal cord develop very early, these findings suggested that Shh normally induces primary motor neurons. In addition, analyses of secondary motor neuron phenotypes in flh and cyc mutants, and of shh, twhh, and ehh expression patterns in these mutants suggested that Shh may also induce secondary motor neurons (Beattie et al., 1997) . We have shown here that spinal motor neurons are present in a shh deletion mutant, albeit in reduced numbers, suggesting strongly that Shh activity is not solely responsible for spinal motor neuron induction. One likely signal for spinal motor neuron induction in syu mutants is twhh, which is expressed in a normal fashion in these embryos (Lauderdale et al., 1998) . Clearly, shh expression is necessary for generating the normal complement of spinal motor neurons in vivo, but Shh does not appear to possess a unique inducing function that cannot be also provided by Twhh.
In conclusion, our analyses of motor neuron populations in the hindbrain (cyc, syu mutants) and the spinal cord (syu mutants) suggest that Shh plays a major role in motor neuron induction at all rostrocaudal levels. The overexpression experiments demonstrate that shh or twhh is sufficient to generate motor neurons that are capable of extending axons into their target tissues. However, the syu data also demonstrate that shh is not absolutely required for motor neuron induction in zebrafish. The rhombomere-specific deficits in branchiomotor neuron populations in syu mutants raises the interesting possibility the precursors of these neurons may vary in their responses to different hedgehog activities (Shh, Twhh, Ehh), or in their sensitivities to the total hedgehog activity. Analysis of branchiomotor neuron development in double mutants such as cyc;syu, flh;syu, and ntl;syu, where two out of three hedgehog activities would be eliminated, will provide a test for these proposals.
Experimental procedures
Animals
Zebrafish were reared and maintained as described in Westerfield (1995) . Embryos were collected from group matings of wildtype fish or heterozygous carriers, and allowed to develop at 28.5°C. Throughout the text, the developmental age of the embryos will correspond to the hours elapsed since fertilization (hours post fertilization, hpf). Embryos were transferred to water containing 0.2 mM phenylthiourea between 18 and 22 hpf to prevent pigmentation (Burrill and Easter, 1994) .
Mutant strains
cyclops
Heterozygous fish (cyc b16 and cyc b229 ) were provided by Bonnie Ullman and Chuck Kimmel, University of Oregon. Both alleles were g-ray generated, and appear to be null mutations . The branchiomotor neuron phenotypes exhibited by mutants homozygous for either allele were identical under all experimental regimes, and therefore the results from neuronal quantifications were pooled where ever appropriate.
sonic-you
The syu tq52 and syu tbx392 alleles were ENU-generated, and were identified in the initial mutagenesis screen, and a subsequent allele screen, respectively (van Eeden et al., 1996 . The syu t4 allele arose spontaneously. All the syu alleles are tightly linked to sonic hedgehog. The syu tq52 allele contains a mutation in the 5' UTR of shh, reducing expression about 5-fold, and the syu tbx392 allele contains a splice site mutation that leads to the generation of a N-terminal truncated protein. The syu t4 allele contains a deletion spanning shh, and possibly neighbouring genes .
RNA injections
Capped, full-length mRNA was synthesized from the appropriate vectors using a mRNA transcription kit (Ambion). The plasmids containing full-length b-galactoside (bgal), shh, and twhh were provided by David Turner, University of Michigan (CS2-bgal) and Steve Ekker, University of Minnesota (T7TS-shh, T7TS-twhh). The RNAs were precipitated, suspended in sterile water, and estimated both by gel electrophoresis and UV spectrophotometry.
On the day of injection, an aliquot of RNA was mixed with a 1% phenol red solution to obtain RNA at required concentration containing 0.1% phenol red. The RNA was backfilled into glass capillary pipets, and roughly 1-2 nl of RNA was pressure injected into the cytoplasm of 1-4 cell stage embryos collected from cyclops heterozygote matings. Injection of bgal RNA at concentrations of 50, 100, and 250 ng/ml all resulted in extensive or continuous galactosidase distribution, as revealed by Xgal mediated color reaction, in the hindbrain at 24 hpf (data not shown). These results suggested that the injected RNA distributes relatively uniformly during development (see also Ekker et al., 1995) . Injection of shh RNA at concentrations of 50, 100, and 250 ng/ml gave results that were similar both at the morphological level (Ekker et al., 1995; data not shown) and at the level of the branchiomotor phenotype (see Section 2). Overall, the numbers of embryos injected with bgal and shh RNAs were 398 (eight experiments) and 1010 (10 experiments), respectively. About 90% of the bgal-injected survivors (216 wildtype, 73 cyc − ) developed normally. About 68% of the shh-injected survivors (432 wildtype, 174 cyc − ) had no ventricles, and exhibited poor eye development, as described previously (Ekker et al., 1995) . About 25% of the shh-injected survivors were deformed, and were excluded from analysis.
Immunohistochemistry and in situ hybridization
Whole-mount immunohistochemistry with the islet (39.4D5; Korzh et al., 1993 ; 1:500 dilution), zn5 (Trevarrow et al., 1990 ; 1:10 dilution), anti-acetylated tubulin (Piperno and Fuller, 1985 ; 1:500 dilution), and 3A10 (Hatta, 1992 ; 1:500 dilution) antibodies was performed as described previously (Chandrasekhar et al., 1997) , except that the incubation buffer contained 0.5% Triton X100 in some experiments. Synthesis of the digoxygenin labelled tag1 antisense probe, and whole-mount in situ hybridization were carried out as described previously (Chandrasekhar et al., 1997) .
DiI labelling of branchiomotor neuron cell bodies and axon tracts
Retrograde DiI labelling of branchiomotor neurons was carried out as described previously (Chandrasekhar et al., 1997) . For anterograde DiI labelling of axon tracts, embryos were mounted dorsally and immobilized in the agar such that the dorsoventral axis of the hindbrain was perpendicular to, and the rostrocaudal axis was parallel to, the plane of the slide containing the agar block. This precise positioning was necessary to apply DiI in a reliable manner to specific locations within the rhombomeres where the branchiomotor neuron cell bodies were located. To label the mandibular arch-innervating axons, DiI was pressure-injected into the approximate location of the neuronal cell bodies in rhombomere 2 (r2), (and occasionally r3; see Fig. 8A for an example of cell body location) in 48 hpf embryos. Following DiI injection, the embryos were handled in the same fashion as the retrogradely labelled embryos in subsequent procedures. Photo-oxidation of the DiI fluorescence into a visible brown precipitate was carried out as described previously (Chandrasekhar et al., 1997) , except that head fragments were mounted laterally, rather than dorsally, for photo-oxidation of axon tract fluorescence in anterogradely labelled embryos.
Quantification of neuronal populations
Neuronal populations were counted in strongly labelled, well-mounted preparations. Quantification of hindbrain and forebrain neurons was carried out in dorsally-mounted preparations, whereas the spinal neurons were quantified in laterally-mounted preparations.
